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THE  EARTH'S  ATMOSPHERE: 
IDEAS  OLD  AND  NEW 
by 

D.G,  King-Hele 


SUMMARY 

This  is  the  written  version  of  the  Milne  Lecture  for  1984,  delivered  at  the 
Mathematical  Institute,  University  of  Oxford,  on  1  November  1984.  It  is  to  be 
published  in  the  Quarterly  Journal  of  the  Royal  Astronomical  Society. 

The  Lecture  offers  a  superficial  survey  of  the  modern  view  of  the  Earth's 
atmosphere,  followed  by  samplings  of  past  ideas  between  BC  350  and  AD  1925. 
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1 .  INTRODUCTION 

Most  previous  Milne  Lecturers  have  been  either  friends  or  pupils  of  E.  A. 

Milne,  but  I  cannot  claim  any  such  connection,  although  I  did  once  hear  him  lecture 

on  kinematic  relativity  when  I  was  an  undergraduate,  and  was  much  impressed.  My 
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link  with  Milne  in  this  lecture  is  through  the  subject  matter,  for  Milne  ’ 
propounded  several  new  ideas  about  the  Earth’s  atmosphere  -  now  transformed  to  old 
ideas  by  the  passage  of  time. 

My  aim  is  to  look  at  the  Earth's  atmosphere  in  its  entirety,  the  Sphere  of 
Air  as  the  ancient  Greeks  called  it.  To  set  the  scene,  I  shall  outline  modern 
views  rapidly  and  superficially,  and  then  offer  some  snapshots  of  past  ideas.  The 
air  near  the  ground  has  always  been  familiar  to  people  down  the  ages,  so  I  shall  not 
say  much  about  the  lower  levels  of  the  atmosphere  but  concentrate  on  the  general 
picture. 

I  chose  this  subject  because  I  feel  that  ' this  most  excellent  canopy  the  air ' , 
as  Hamlet  called  it,  is  unjustly  underrated  by  those  whose  lives  depend  on  it. 

Deprive  us  of  air  for  even  a  few  minutes  and  we  should  all  be  dead.  Without  it,  life 
on  Earth  would  either  never  have  evolved  or  would  have  taken  a  quite  different  course. 
We  are  the  creatures  of  air.  Yet  we  just  take  it  for  granted.  But  why?  The  Moon 
has  no  air:  how  do  we  know  that  the  Earth’s  air  will  not  also  escape  into  space? 

This  is  the  very  problem  that  occupied  Milne. 

Its  power  to  keep  us  alive  by  letting  us  breathe  is  one  great  virtue  of  the 
atmosphere.  But  it  has  another  virtue  equally  vital:  it  is  transparent  to  sun¬ 
light,  thereby  allowing  the  photosynthesis  on  which  our  food  depends.  And  even 
those  astronomers  whose  thoughts  are  on  higher  things  than  breathing  or  eating 
should  not  curse  the  atmosphere  for  degrading  their  images  but  instead  salute  it  for 
kindly  allowing  the  stars  to  shine:  otherwise  astronomy  would  have  been  strangled 
before  birth. 

When  our  attitude  towards  the  Air  is  so  offhand,  it  is  not  surprising  to 
find  that  we  are  even  more  cavalier  in  our  attitude  towards  the  history  of  ideas 
about  the  atmosphere.  Though  historical  scholarship  on  almost  every  conceivable 
subject  has  multiplied  greatly  in  the  past  thirty  years,  there  is,  as  far  as  I  am 
aware,  no  book  surveying  the  history  of  ideas  about  the  atmosphere  down  the  ages. 

This  is  in  stark  contrast  with  the  many,  many,  books  about  the  history  of  ideas  in 
astronomy:  the  ideas  of  Copernicus,  Kepler  and  Galileo  are  all  widely  known. 

(Perhaps  it  is  because  the  air  controls  our  every-minute  life,  while  astronomy  has 
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no  effect  on  every-day  life  and  is  therefore  a  'purer'  subject?)  Meteorologists 
might  be  expected  to  take  some  interest  in  the  air,  but  they  seem  to  have  been  too 
busy  forecasting  to  bother  much  about  looking  backwards:  in  the  UK  it  was  not 
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until  1983  that  the  Royal  Meteorological  Society  set  up  a  history  section.  And 
even  the  meteorologists  concentrate  their  attention  on  just  a  tiny  fraction  of 
the  atmosphere,  the  lowest  levels. 

There  is  not  even  a  name  for  the  study  of  the  atmosphere.  'Aeronomy'  is 
available,  and  there  is  an  International  Association  of  Geomagnetism  and  Aeronomy; 
but  in  practice  'aeronomy'  usually  refers  to  the  chemistry  and  electrodynamics  of 
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the  upper  atmosphere.  The  Air  would  have  a  much  better  image  today  if  there  had 
been  in  the  UK  a  Royal  Aeronomical  Society  to  match  the  Royal  Astronomical  Society 
What  happened  was  that  in  the  19th  century  the  meteorologists  were  inevitably 
dominant  among  atmospheric  scientists,  and  they  pursued  their  specialism,  leaving 
the  Royal  Astronomical  Society  to  look  after  the  higher  reaches  of  the  atmosphere, 
the  realm  of  the  aurora  and  (ironically)  of  meteors.  The  astronomers  cannot  be 
expected  to  be  dedicated  aeronomists.  So,  in  the  UK  and  many  other  countries,  the 
science  of  the  Air  has  provided  a  painful  illustration  of  the  maxim  that  organisms 
rarely  function  well  when  split  into  two  parts. 

2.  THE  MODERN  VIEW  OF  THE  ATMOSPHERE 

Because  of  its  transparency  I  cannot  give  a  useful  picture  of  the  atmosphere 
at  optical  wavelengths  by  day,  but  the  situation  is  different  at  night.  Looked  at 
from  space,  the  atmosphere  then  often  shines  quite  brightly  in  regions  near  the 
magnetic  poles,  where  charged  particles  of  high  energy  excite  fine  displays  of  the 
aurora  at  heights  of  100  km  upwards.  Fig.  18  shows  a  moderate  aurora  over  Canada, 
with  the  city  lights  of  the  USA  below  seeming  quite  puny  by  comparison:  indeed 
the  power  in  a  strong  aurora  can  reach  10^  MW,  more  than  the  total  world  electricity 
supply , 

Our  perception  of  the  aurora  has  been  much  enhanced  by  these  views  from  space: 

from  the  ground  it  can  very  rarely  be  seen  at  the  low  latitudes  where  most  people 

live,  and  at  high  latitudes  the  weather  is  usually  either  too  cloudy  or  too  cold  to 

encourage  casual  night  sky-watching.  A  strong  auroral  display,  changing  in  form 

and  colour  every  few  seconds  and  covering  most  of  the  sky,  is  a  most  beautiful  and 
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impressive  sight.  Several  recent  books^'  ’  give  splendid  colour  photographs 
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but  cannot  capture  the  dyneunic  qualities.  There  are  many  poems  about  the  aurora,  ’ 
and  I  quote  a  few  lines  which  concentrate  on  the  rapid  movements  rather  than  the 
colours: 

We  watch  the  airy  curtains  flicker  back  and  forth. 

See  the  sudden  searchlights  stab  up  and  die. 

Column  after  ghostly  column  balanced  in  the  sky. 


»CTTV^"WTVrTTVT3*''^ 


Pale  electric  atom-streams  shooting  from  the  Sun 
Have  felt  the  Earth's  magnetic  might 

g 

And  spiralled  in  to  beautify  the  night. 

To  return  from  poetry  to  science,  the  chief  scientific  parameters  that 
describe  the  atmosphere  are  the  temperature  T,  pressure  p  and  density  ;  ,  and  they 
are  connected  by  the  well-known  gas  law, 

where  R  is  the  gas  constant  (8.31  J  K  mol  )  and  M  is  the  molecular  weight  of 
the  gas.  The  decrease  of  pressure  with  height  y  is  given  by  the  hydrostatic 
equation. 


i£ 

dy 
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where  g  is  the  acceleration  due  to  gravity, 
and  (2),  we  have 


P 


Mg 

■rt 


dy. 


(2) 

Eliminating  p  between  equations  (1) 

(3) 


Thus,  if  we  assume  RT/Mg  is  constant  and  denote  it  by  h,  which  is  called  the 
'scale  height',  equation  (3)  may  be  integrated  to  give  the  variation  of  p  with 
height  as 


P 


where  p^  is  the  pressure  at  a  chosen  reference  level, 
assume  that  the  Earth  is  spherical  of  radius  r^,  with 
field,  the  variation  of  density  p  with  height  can  be 

P  =Po  expf_^\, 

'  H  ' 


y  =  y  .  If  we  further 
an  inverse-square  gravity 
written 

(5) 


where  H,  defined  by  the  equation 
112 

H  *  h  ■  r  ’  (6) 

o 

is  called  the  'density  scale  height'.  In  equation  (6),  +  Tq 

distance  from  the  Earth's  centre  at  height  y^.  The  assumption  that  h  is  constant 
implies  that  H  is  also  constant;  and  since  h  «  r^,  equation  (6)  shows  that  the 
difference  between  H  and  h  is  never  more  than  a  few  per  cent.  Equation  (5)  is  not 
exact,  but  the  error  is  negligible;  the  right-hand  side  should  be  multiplied  by  a 
factor  |l-(y-y^)^/r^^]-  ,  which  departs  from  1  by  less  than  2.5  x  10”^  if  (y-y^) 

<  100  km. 

Equations  (4)  and  (5)  cease  to  apply  when  the  height  becomes  so  great  that 
the  mean  free  path  of  the  air  molecules  exceeds  h,  and  in  practice  the  equations 
begin  to  lose  accuracy  at  heights  above  about  500  km. 

Although  in  reality  RT/Mg  is  not  quite  constant,  equations  (4)  and  (5)  pro¬ 
vide  powerful  approximations,  because  we  can  usually  divide  the  atmosphere  into 


height  bands  thin  enough  to  ensure  that  RT/Mg  is  nearly  constant.  The  equations 
tell  us  that  if  the  temperature  T  is  higher,  the  pressure  and  density  both  fall 
off  more  slowly  with  height,  because  h  and  H  are  larger.  The  density  falls  off  by 
a  factor  of  2.718  whenever  the  height  increases  by  H,  or  by  a  factor  of  20  for  an 
increase  of  3H.  For  example,  if  H  =  33.3  km  and  y^  *  200  km,  the  density  at  y  = 

300  km  would  be  Po/20  and  at  400  km  would  be  p^/400.  If  the  temperature  at 
heights  above  200  km  were  to  increase  by  a  factor  of  2,  the  value  of  H  would 
increase  to  66.6  km  and  the  density  at  400  km  would  be  p. /20.  Thus  if  stays 
nearly  the  same,  doubling  the  temperature  produces  an  increase  in  density  at  a 
height  of  400  km  by  a  factor  of  20;  and  in  general  higher  temperatures  imply 
higher  densities  -  usually  much  higher  densities  -  for  heights  above  200  km. 

At  heights  above  about  100  km,  diffusive  equilibrium  prevails,  and  equations 
(4)  and  (5)  can  be  applied  to  the  individual  species  of  gases  in  the  atmosphere. 

For  a  given  temperature  T,  the  gases  of  lower  molecular  weight  M  have  larger  scale 
heights,  because  h  =  RT/Mg, and  this  confirms  the  intuitive  belief  that  the  lightest 
gases  should  rise  to  the  highest  reaches  of  the  atmosphere  - 
Where  lighter  gases,  circumfused  on  high. 

Form  the  vast  concave  of  exterior  sky, 
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as  Erasmus  Darwin  expressed  it  in  1791. 

As  the  temperature  largely  controls  the  rate  at  which  pressure  and  density 
decrease,  the  variation  of  temperature  with  height, shown  in  Fig  1,  is  of 
crucial  importance.  The  average  temperature  drops  quite  steadily  from  290  K  at  sea 
level  to  about  220  K  at  a  height  of  about  10  km  and  then  remains  fairly  constant  in 
the  stratosphere  up  to  a  height  of  about  25  km.  Then  the  temperature  rises  to  a 
maximum  of  about  280  K  at  a  height  of  50  km,  because  of  the  solar  ultra-violet 
radiation  being  absorbed  by  ozone.  Above  that,  the  temperature  falls  again  in  the 
upper  mesosphere  to  a  minimum  of  about  180  K  at  a  height  of  85  km.  Above  90  km, 
the  temperature  increases  sharply  as  a  result  of  the  more  extreme  ultra-violet 
radiation  from  the  sun  being  absorbed,  and  this  is  the  region  known  as  the  thermo¬ 
sphere,  where  at  heights  above  200  km  the  temperature  becomes  independent  of  height 
and  has  very  high  values.  The  temperature  remains  constant  to  heights  above  500 
km  -  indeed  to  as  high  aloft  as  the  word  'temperature'  remains  meaningful.  Above 
500  km  (for  T  ■  1000  K)  the  mean  free  path  of  the  atoms  exceeds  h,  and  many  atoms 
pursue  ballistic  trajectories  rather  than  continually  colliding.  Some  escape, 
some  collide,  some  fall  back. 

At  heights  above  200  km,  the  atmosphere  is  controlled  mainly  by  the  Sun, 
which  has  two  quite  different  effects. First,  the  thermospheric  temperature  is 
much  higher  during  the  afternoon  than  in  the  early  hours  of  the  morning,  an  effect 
not  unfamiliar  at  ground  level:  the  minimum  temperature  occurs  at  about  3  am  and 
the  maximum  at  about  3  pm  (though  the  times  vary  with  latitude  and  season).  The 


•puTM  JEjos  sqq  ut  AaiAB^  pddsqs-ajodpB:}  aSnq 

E  a5{TX  ST  apisino  aqa  uiojj  3e  pa^foox  uaqw  ‘pajX^^  st  at  se  sjEqdso^augEUJ 

aq:i  ‘aaaqdsouiqE  aqq  jo  suoxSaa  jaqno  aq:i  Aq  sqoajja  XT^3  sax  uioxj  paqoaqojd  ajE 

a^  puE  ‘qxqjo  s^qqjEg  aqq  ssojde  sdaaMS  ‘paxT^^  sx  Suxjnodqno  sxqq  sb  ‘pux/'i  jexos 

aqx  ‘aumxd  b  ux  jaqsBj  qonui  ]no  qooqs  saxoxqjBd  aqq  ‘aoBjans  sqx  uo  uoxqdnja  eats 

-XnAuoa  B  sjajjns  ung  aqq  uaqw  qnq  Iqaxnb  sx  ung  aqq  uaqw  s/m>|  qoV  ^noqB  jo  spaads 

5B  ung  aqq  moaj  qno  aisajqs  ‘suojqoaxa  pus  suoqojd  Xx^som  ‘saxaxqJBd  pagjsqg)  ‘sn 

joj  XxaqBunqjog  ‘Xxmoxs  aqxnb  qSnoqq  ‘Xxx®9-i  Suxpaaxq  qsnf  -  3uxop  sx  qx  qBqM 

Xxqoaxa  sx  sxqj^  ‘aoEds  XjsqauBxdjaqux  oqux  aouEqsqns  sqx  qno  jnod  qqSxui  qx  qsqq  sx 

uoxqEnqxs  sxqq  oq  asuodsaj  snoxAqo  ub  puB  ‘umnoBA  b  jo  qspxui  aqq  ux  ^onqs  sb§  jo 

XXEQ  qoq  B  sx  ung  aq^  ^^’AvaxA  japxM  b  ai^Bq  oq  paau  an  ‘Xq/>\  aas  ox  'saouBqxnqsxp 

jBxos  uo  pauiBxq  aq  ubo  ajaqdsomqB  jaddn  aqq  ux  suoxqBXJBA  jBxngaajx  aqq  jo  qsoj^ 

•paqBnxBAa  jo  passnosxp  sjb  sqoajja  asaqq  qDxqw  ux  sxapom  oxjaqd 

6T~XT 

-souiqB  quaoaj  x^-^^Aas  aJB  ajaqx  *ajaqdsomjaqq  x^JOJUb  aqq  ux  sqoajja  xs^THBuXp 
puB  saABrt  XqxABjS  SuxqBSBdojd  ‘ ,a8xnq  umxxaq  qaquxn,  aqq  sb  qons  ‘saxqxxBOox 
JO  sqqSxaq  ‘sauixq  JBxnoxqjBd  oq  pauxjuoo  ajB  qBqq  sqoajja  jaqqo  XuBm  SuxjouSt  uib 
I  ‘Xqxsuap  ajaqdsooiqB-jaddn  ux  suoxqBXJBA  apxM-pXJOM  quBqjodmx  jnoj  bjb  asaqx 

•Xqxsuap  jxb  jo  jnoxABqaq 

aqq  azxjaqoBJBqo  qoxqw  ‘>{aaAv  b  qnoqB  jo  saxBOS  amxq  uo  %0T“S  J®  suoxqBXJBA  Suxmaas 
-ujopuBj  aqq  saqsjqsnxXT  osxa  puB  ‘xeoxdXq  Xxjtbj  sx  g  8xj  ux  UMoqs  axduiBxa  aqq  qnq 

^  ,  ‘jbbX  oq  JBaX  uiojj  XxqaxoaJddB  Xjba  uoxqBxXT®so  aqq  jo  8uxuixq  aqq  puB  qq8uajqs 

91  ?I 

aqX  "paqsxxqBJsa  uaaq  qaX  qou  aAsq  sxT®3®P  Tinj  dnq  ‘ajaqdsomqB  jbmox  aqq  ux 
suoxqBXJBA  x®uosBas  mojj  saqBux8xjo  Xxqeqojd  uoxqBXjBA  x®bu®®-T®3S  aqx  ^^•sqq8xaq 
jaqBaj8  qB  sasBajoap  uaqq  puB  ‘bi5|  qOS  sqq8xaq  qB  £  qnoqB  oq  sasBBJOux  joqoBj 

aqx  'mji  q£z  jo  qq8xaq  b  jb  sx  sxqq  puB  ‘g  8tj  ut  u«oqs  axdmBxa  aqq  ux  g'x  qnoqB 
JO  JoqoBj  B  Aq  Apnf  aqBx  ux  qaqq  papaaoxa  aaqoqoQ  Aqxsuap  aqx  ^^‘sqoajja  qq8xu 
-oq-ABp  puB  oxqBu8BuioB8  joj  uoxqoajjoo  jaqjB  ‘3X61  Aqxsuap  jo  uoxjbxjba  aqq 
s.'ioqs  c  8tx  -'Axnf  puB  AjBnuBf  8uxjnp  Bmxuxm  puB  ‘jaqoqoQ  pu®  ITJdy  8uxjnp  BmxxBm 
SBq  Aqxsuap  aqq  jsaA  x^-iou  b  uj  •uoxqBXJBA  x®nuuB-Tmas  aqq  ‘qoajja  jBxn8aajx  mjaq 
-jaguoj  quBqjodmx  jaqqouB  sx  ajaqq  suoxqBXJBA  paAXx-qJoqs  asaqq  oq  uoxqxppB  uj 

^^•AqxAXqoB  JEpos  jo  sqsjnq 
-qno  oq  asuodsaj  ux  g  oq  dn  jo  joqoBj  b  Aq  AxquaxsuBjq  asBaJoux  ubo  Aqxsuap  aqq 
009  JO  sqq8xaq  qy  ‘SJnoq  naj  b  ux  axqnop  ApjBau  oq  pasBBjoux  (AqxAxqoB  jbjos  oq 
AxqxsuasuT  AjaAxqBxaj  sx  Aqxsuap  ajaqAi)  mo[  08I  J®  qqSxaq  b  qs  Aqxsuap  aqq  puB  ‘PTSTJ 
oxqauSBUj  s^qqjBg  aqq  8uxqdnjsxp  ‘pajjnooo  oijoqs  jb^os  y  ^^'AqxAxqoB  jbjos  quaxsuBjq 
oq  asuodsaj  ux  Aqxsuap  ux  a8uBqo  jBoxdAq  b  SMoqs  p  8xj  puB  ‘suoxqBXJBA  paAXj-qjoqs 
asuaquj  osjb  bjb  ajaqq  qng  ‘Aq-rsuap  ux  suoxqBXJBA  jBxn8aj  asuammx  bjb  ajaqq  og 

•qq8xu  qa  1795 ■[  ux 

uBuq  jaqsajS  sauixq  qSZ  sb/a  xS61  3®  ^9  Aqxsuap  aqq  ‘ui>i  o09  J°  JqSxaq 

B  3B  ipauxqujoo  ajB  suoxqBXJBA  o«q  aqq  uaq/»i  bsxjb  sJoqoBj  ja8jBj  uaAg  ‘mnmxxBm 


1961  -loj  AxsAxaoadsaa  01  ‘Z'Z  ^noqe  pue  ‘B-/.g6T  XxaAiqoadsaj 

09  puB  3X  ‘S'C  ^noqa  -  umuixxBUJ  jbxos  Suojqs  b  joj  xaqBBjS  ubab  bjb  sJoqoBj 

asaqq  ‘jbabmoh  •ui>l  009  OZ  ^noqB  puB  ui^i  OOV  8  ^noqB  jo  JoqDBj  b  ‘qqSxaq 

0S3  5E  £  qnoqB  jo  joqoBj  b  Xq  mnuixuxui  qodsuns  qB  Xqxsuap  aqq  SuxpaaDxa  (0Z.~896I 

JO  qBqq  sb  qons)  umuixxBUi  qodsuns  aSBaaAB  ue  qa  Xqxsuap  aqq  qqxM  009  3TioqB 

oq  dn  qqSxaq  qqxM  sasBajoux  qoagja  sxqx  ‘XqxAxqoB  jbxos  oq  anp  qaqq  sx  ‘qsjxq 

aqq  uBqq  jaqaajg  uaAa  ‘uoxqBXjBA  Jo.fBui  puooas  aqx  "MSxq  sx  XqxAxqDB  jbxos  uaqA» 

0001  03  dn  sqqSxaq  qa  aSjBx  suxBmaj  qnq  ‘swoqs  £  Sxj  sb  ‘sqqSxaq  jawox  qa  jaxxcms 

sx  uoxqBXJBA  JO  qoqoBj  aqx  ’uoi  OOS  -leau  sqqgxaq  qB  ummxuxm  aqq  uBqq  jaqBaaS 

sauixq  g  qnoqa  Suxaq  Xqxsuap  umuixxBUJ  aqq  qqxM  ‘XBp  qoBa  Xx-XBxnSaj  SJnooo  uoxqBXJBA 

agjBx  sxqx  Z  ^noqa  qa  umuixxBm  a  puB  are  17  qnoqE  qa  mnmxuxm  a  saq  Xqxsuap  aqx  "dT 

qqxM  asBqd  ux  AXddExa  qou  qSnoqq  ‘uoxqaxJBA  ajnqaaadujaq  qqSxu-oq-Xap  aqq  qqx«  pajjujx 

‘Xqxsuap  ux  uoxqaxjBA  qqSxu-oq-Xap  a  sx  qsjxj  aqx  '£  Sxj  ux  quapxAB  ajB  suoxqBXJBA 

XBxquBqsqns  uaqqo  owq  ‘qqSxaq  qqx«  uoxqexjBA  pxoj-uoxxXTt“  sb  xT®^  sy 

•uiBjgaxp  aqd  jo  aSpa  djax  puB  dqSxj  aqd  uaawdaq  uoxxxTm  I  Jo  Joqoaj  b  Xq  sasBaJoap 

Xqxsuap  aqx  '(aaqaaioxT^  oxqno  jad  nrej8  x  ‘sx  dsqq)  ajqaui  oxqno  jad  dibj8oubu  x  anxBA 

aqq  uo  paaquao  XxquaxuaAUOO  sx  qx  : oxaiqqxjBSox  sx  axBos  Xqxsuap  aqx  0001 

OCX  uaawqaq  sqqSxaq  joj  qqSxaq  qqxw  Xqxsuap  jo  uoxqBXJBA  aqq  SMOqs  qoxqw  ‘g  Sxj 

ux  pazxjBununs  ajB  squamajnsBaui  qons  jo  spuBsnoqq  jo  sqxnsaa  aqq  puB  ‘saqxxxSdBS 

Z  T 

Suxqxqjo  uo  Sujp  aqq  SuxjnsBaui  Xq  pauxuijaqap  aq  ubd  XqxsuaQ  ‘ajaqdsomqa  jaddn 
aqq  qgnojqq  SuxssBd  saqxxxsdss  aqq  Xq  qxaj  8Bjp  jxb  aqd  sxojduoo  XxdaaJtp 
‘Xqxsuap  aqq  sx  ajnqBjaduiaq  aqq  UBqq  aaqaareasd  oxaaqdsomqB  axqxguaq  aaom  y 

•ui5f  0081  03  dn  ajaqq  uioaj  ainxxaq  pua  udj  099  03  dn  saqauxuiopajd 
uaSXxo  oxuioqa  0O6  5°  ‘  ajcnqBjadoiaq  oxjaqdsoaijaqq  jaq8xq  a  joj  ‘g  8xx  ux  uwoqs 
SB  ‘qBqq  SAoqa  uaSojpXq  oxmoqa  pua  ‘uiJj  0O6  P^®  OOS  dnoqa  uaawqaq  axoa  8uxpBax  aqq 
jaAO  sa>|Bd  uinxxaq  OOX  3noqB  sx  ajnqBjaduiaq  aqq  puB  mox  sx  XqxAxqoa  jbxos  aqq  jx 
OOS  03  dn  ‘uaoXxo  oxmoqB  sx  quanqxqsuoo  uxam  aqq  uaqq  Sm>i  OXT  03  dn  quBUxmop 
suxBUiaj  uaSojqjx  ^^•sqqSxa/n  JBxnoaxom  Jxaqq  oq ’8uxpJ000B  qno  saAxasmaqq  qjos 
oq  uxSaq  sasBS  aqq  qsqq  aAoqa  !ui5(  OOT  dnoqB  jo  qqSxaq  b  oq  dn  sasB8  aqq  jo  8uxxxui 
sx  ajaqx  * ajnqajadmaq  aqq  sb  xT^^  sb  -  uoxqxsoduioo  oxjaqdsomqa  aqq  uo  ‘spjow 
jaqqo  ux  -  qu§xaA\  JBxnoaxoui  aqq  uo  spuadap  qq8xaq  axEOS  aqq  ‘uaas  aABq  aw  sy 

■aoBjjns  s^aqxxxsqss  aqq  jo  aouaqoaxjaj  aqq  Xq  osxe  pua  ‘aouasqa  sqx  jo 
‘ung  aqq  jo  qaaq  quaxpaj  aqq  Xq  paxxo^quod  sx  qoxq«  jo  ajnqBjadmaq  aqq  ‘aqxxxsdES 
B  a>fxx  Xpoq  pjxos  b  uo  qoajja  axqEXoajdda  ou  ssq  ajnqajaduiaq  jxb  aqq  qaqq  umnoBA 
B  XjJBau  os  sx  sqqSxaq  qons  qB  jxb  aqq  qnq  ‘sajnqBjadmaq  oxqauxjf  aqq  aja  asaqx 
'N  0001  =  ‘axduiBxa  joj  ‘xeei  UT  :umuixxBm  qodsuns  qa  uBqq  009  *  uaqM)  gx6T 
SB  qons  lunmxuxu)  qodsuns  jo  jbbX  b  ux  janoj  qonuj  Xjba  sx  ajnqBjaduiaq  auixq-qqSxu  aqq 
Ajduanbasuoo  pua  ‘XqxAxqoa  qodsuns  jo  ajoXo  JBaX-jX  aqq  Suxjnp  XxdsajS  sbxjba  sxqx 
•uoxqaxpBJ  qajoxA-Bjqxn  auiajqxa  sqx  bxa  ung  aqq  Xq  pasxojaxa  xodquoo  aqq  sx  qoajja 
puooas  aqx  ’y,  OOST  dssu  aq  XTT'^'  S  ds  ajnqBjaduiaq  aqq  *)|  OOOT  sx  ‘^x  ‘sd^q 

-Bjadmaq  auixq-qqSxu  uinuixuxm  aqq  jx  qBqq  os  ‘g'x  dnoqa  jo  joqoaj  a  Xq  sx  uoxdsxjBA 
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Figure  6  shows  a  rather  outdated  sketch  of  the  magnetosphere  which  serves 

to  indicate  the  main  features.  The  magnetosphere  acts  as  an  obstacle  in  the  strong 

outflow  of  particles  of  the  solar  wind,  and  a  shock  wave  develops,  quite  like  the 

shock  wave  arising  when  a  spherical  obstacle  is  placed  in  a  supersonic  wind  tunnel 

-  except  that  this  shock  wave  at  the  boundary  of  the  Earth's  atmosphere  is  at 

ridiculously  low  pressures,  and  is  a  magnetohydrodynamic  rather  than  an  ordinary 

aerodynamic  shock.  When  the  Sun  is  quiet  and  the  solar  wind  is  blowing  steadily, 

most  of  it  flows  round  the  boundary  and  we  are  protected  from  it.  But  when  there 

is  a  solar  flare  or  other  strong  disturbance,  the  higher-energy  particles  find 

their  way  into  the  magnetosphere.  Some  particles  enter  through  the  polar  cusps, 

but  most  of  them  make  their  way  in  via  the  tail  of  the  magnetosphere.  From  either 

point  of  entry  they  tend  to  follow  the  lines  of  magnetic  force  and  therefore 

impinge  on  the  Ea’^th's  atmosphere  mainly  at  latitudes  about  20-30°  away  from  the 

magnetic  poles,  thus  producing  either  visible  aurorae  or  invisible  but  quite 

vigorous  disturbances  in  the  polar  thermosphere.  What  I  have  said  is  of  course  a 

great  over-simplification:  magnetospheric  physics  is  now  virtually  a  branch  of 

science  of  its  own,  and  the  'meteorology*  of  the  magnetosphere  is  an  extremely 
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complex  subject.  ’ 

Any  attempt  to  give  a  picture  of  the  atmosphere  is  likely  to  leave  the 
impression  that  it  is  static,  like  a  picture:  that  is  a  false  impression.  The 
magnetosphere  is  not  only  rather  like  a  tadpole  in  shape,  but  also  wriggles  vigor¬ 
ously,  though  more  slowly  than  a  tadpole,  in  response  to  the  continual  fluctuations 
in  the  flow  of  particles  from  the  Sun.  The  air  at  lower  levels  in  the  atmosphere 
is  also  restless  and  dynamic:  there  are  winds  of  more  than  hurricane  force,  driven 
by  the  great  variations  in  pressure  and  density  which  I  have  already  described.  In 

the  thermosphere  the  wind  speeds  can  exceed  500  m/s,  especially  in  the  auroral  zone 
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during  disruptions  due  to  solar  storms.  And  we  find  regular  daily  variations  in 
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the  winds  at  lower  latitudes  by  up  to  200  m/s:  for  example,  at  heights  near 
300  km,  there  are  west-to-east  winds  of  up  to  150  m/s  in  the  evening,  and  east-to- 
west  winds  (though  not  so  strong)  in  the  morning. 

That  concludes  my  quick  survey  of  modern  idear  on  the  atmosphere:  as  well  as 
being  superficial,  the  survey  is  also  biased  because  it  is  designed  so  as  to  throw 
light  on  the  historical  topics  ahead. 

3.  THE  INFLUENCE  OF  ARISTOTLE 

Now  I  jump  back  more  than  2000  years  to  look  at  some  of  the  old  ideas 
of  the  atmosphere.  First,  a  word  of  apology:  I  shall  limit  myself  to  European 
culture.  It  would  be  interesting  to  make  comparisons  with  early  ideas  in  other 
cultures,  but  that  would  lead  to  far  more  material  than  would  fit  into  a  single 
lecture . 
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I  begin  with  Aristotle,  whose  ideas  had  so  much  influence  over  this 

University  during  its  first  400  years.  Aristotle's  book  called  Meteorologica , 

written  about  350  BC,  dominated  western  European  thought  about  the  atmosphere 

until  1600  AD,  so  we  ought  to  stop  and  look  at  it.  Your  first  thought  may  be  to 

blame  Aristotle  for  the  disgustingly  long  word  'meteorological',  that  heptasyllabic 

millstone  round  the  neck  of  its  practitioners.  Strangely  enough,  however,  Aristotle 

does  not  seem  to  have  been  responsible  for  coining  the  word.  Figure  7  shows  the 
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first  chapter  of  his  book,  and  in  the  passage  underlined  he  says  he  will  discuss 
the  subject  'which  all  our  predecessors  have  called  roeteorologia' .  He  also  says 
that  the  word  covers  'everything  that  happens  naturally',  so  that  he  deals  with 
the  entire  realm  of  geophysics,  all  that  is  earthly  rather  than  heavenly. 

Aristotle's  picture  of  the  Earth  and  its  atmosphere  is  in  terms  of  the  four 
spheres  of  Earth,  Water,  Air  and  Fire,  Fig  8,  Classical  scholars  are  often  scorn¬ 
ful  about  this  picture.  Indeed  the  translator  of  the  Meteorologica ,  H.D.P.Lee, 
remarks  in  his  preface  that  the  book  is  little  read  because  'Aristotle  is  so  far 
vrong  in  nearly  all  his  conclusions  that  they  can  . . .  have  little  more  than  a 
passing  antiquarian  interest'. 

But  is  Aristotle  wrong,  or  is  he  making  a  good  first  approximation?  Aristotle 
is  certainly  correct  in  taking  the  solid  Earth  as  the  central  sphere.  He  is  also 
right  to  suggest  that  this  is  nearly  covered  by  a  sphere  of  Water,  the  hydrosphere 
as  it  is  often  called  today.  Though  we  now  know  that  the  oceans  cover  nearly  75% 
of  the  Earth  to  an  average  depth  of  5  km,  Aristotle  himself  lived  in  a  region  where 
land  was  dominant:  so  he  did  well  to  avoid  being  misled.  Above  the  water  comes  the 
sphere  of  Air:  no  one  will  quarrel  with  that.  The  air  at  the  lower  levels  -  the 
air  we  breathe  -  is  usually  quite  cool  and  often  humid.  But,  as  we  have  already 
seen,  the  upper  regions  of  the  atmosphere,  above  200  km,  have  dynamic  temperatures 
ranging  between  600  K  and  1500  K,  much  higher  than  any  domestic  oven;  we  call  this 
the  thermosphere,  so  why  should  we  blame  Aristotle  for  calling  it  the  sphere  of 
Fire?  Beyond  that  in  Aristotle's  picture  is  the  celestial  region,  which  is  of 
course  divided  into  further  spheres  belonging  to  the  Sun,  Moon  and  planets.  However, 
if  we  take  the  outermost  sphere  as  that  of  the  Sun,  the  sphere  of  Fire  melts  easily 
into  it  and  the  boundary  can  be  looked  on  as  the  boundary  of  the  magnetosphere. 
Aristotle  says  that  'the  celestial  region  as  far  down  as  the  Moon  is  occupied  by  a 
substance  which  is  different  from  air  and  fire,  but  which  ...  is  not  uniform  in 
quality' .  By  a  slight  stretch  of  the  imagination  we  can  identify  that  as  the  solar 
wind  -  and  this  is  not  really  stretching  the  interpretation  too  far,  because 
Aristotle  does  regard  the  sphere  of  Fire  being  linked  with  the  Sun's  heat. 

I  must  confess  that  I  am  hostile  to  Aristotelian  physics  in  general,  so  it  is 
rather  unnerving  for  me  to  have  to  declare,  misquoting  Mark  Antonv  - 


Friends,  Oxonians,  and  countrypeople , 

I  come  to  praise  the  Stagirite,  not  to  bury  him. 

My  'conversion',  even  though  strictly  limited  in  scope,  would  no  doubt  have  pleasea 
the  medieval  scholars  of  this  University. 

Aristotle  believed  that  the  heat  of  the  Sun  drew  up  two  sorts  of  'exhalations' 
from  the  Earth,  a  hot  dry  exhalation,  leading  to  thunder  and  lightning,  shooting 
stars  and  the  aurora;  and,  secondly,  warm  moist  vapours,  which  cool  and  turn  into 
clouds  and  rain  and  other  'watery  meteors',  as  they  were  called.  The  aurora  he 
regarded  as  having  its  home  in  the  sphere  of  Fire,  which  is  essentially  correct 
if  we  equate  that  with  the  thermosphere.  His  division  of  the  celestial  sphere  into 
shells  housing  the  planets.  Sun,  Moon,  etc,  is  shown  in  Fig  9. 

For  my  next  dip  into  the  past,  I  visit  the  medieval  and  Renaissance  scholars, 
not  only  at  Oxford  but  at  any  other  of  the  seats  of  learning  in  Europe.  And  we 
find  that  Aristotle  still  rules:  more  than  125  editions  of  the  Meteorologica 
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were  printed  before  1600,  and  Aristotle's  model  is  illustrated  again  and  again." 
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Fig  10  shows  a  version  from  a  book  published  in  Paris  in  1551.  It  is  just  the 

same  really,  except  that  the  captions  are  in  French. 

But  there  was  one  refinement  of  Aristotle's  model  which  seems  to  have  gained 

general  approval  in  the  16th  century.  The  sphere  of  air  was  divided  into  three 

regions.  The  lowest  was  regarded  as  being  heated  by  the  Earth  and  was  usually 

shown  as  cloudless.  The  second  layer  was  colder,  and  this  was  where  the  clouds 

formed.  The  third  level,  the  'Suprema  regio  aeris' ,  was  heated  by  the  Sun  and  by 

its  proximity  to  the  sphere  of  Fire,  and  so  it  was  free  of  watery  vapours.  This 

cloudless  upper  region  would  correspond  in  our  terminology  to  the  stratosphere  and 

above,  and  would  merge  into  the  thermosphere  or  sphere  of  Fire  at  its  upper 

boundary.  Fig  11  shows  this  tripartite  atmosphere,  as  illustrated  in  a  book  by 
/  28 

Fine  published  in  1532.  To  us.  Fig  11  seems  unconvincing,  because  rain  so  often 

falls  from  the  lowest  layer.  But  there  it  is:  they  liked  it.  Many  similar 
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diagrams  were  published  and  have  been  collected  by  Heninger. 
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Fig  12  shows  another  picture  of  the  three-layer  atmosphere,  which  appears"" 
in  the  later  editions  of  Reisch's  Margarita  Philosophica  (first  published  in  1496). 
This  diagram  differs  from  Fig  11  by  showing  the  Sun  as  actively  in  command  and 
'breathing'  on  the  outermost  regions  of  the  atmosphere.  The  sphere  of  Fire  is  now 
no  longer  a  complete  sphere,  but  is  very  much  under  solar  control,  and  has  become 
roughly  equivalent  to  the  solar  wind,  with  the  'Suprema  regio  aeris'  now  corres¬ 
ponding  to  the  entire  thermosphere.  The  idea  that  the  Sun  can  be  regarded  as 
'breathing  out'  the  solar  wind  is  quite  appealing:  but  the  metaphor  fails  because 
the  Sun  never  breathes  in;  so  the  anthropomorphized  solar  wind  has  to  be  the 


bleeding  Sun,  rather  than  the  breathing  Sun.  Nevertheless,  Fig  12  is  arrestingly 
similar  to  some  'cartoon  versions'  of  modern  concepts  of  the  Earth  in  the  solar  wind 
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that  are  securely  established,  and  others  where  errors  may  be  rampant.  For 
example,  no  one  is  going  to  prove  that  the  Earth  is  flat;  its  sea-level  shape  is 
now  known  correct  to  2  metres  all  round.  But  current  ideas  on  the  composition  and 
character  of  the  Earth's  deep  interior,  which  no  one  has  yet  seen,  might  be  over¬ 
turned  completely  in  the  next  30  years,  just  as  the  ideas  of  Jeans,  Chapman  and 
Milne  on  the  outer  atmosphere  were  overturned  within  30  years.  The  same  scepti¬ 
cism  may  be  needed  in  some  areas  of  astronomy. 

Science  can  be  defined  as  the  thought-system  favoured  by  the  majority  of 
current  scientists.  If  you  think  differently,  you  are  an  independent  thinker, 
not  a  scientist,  and  papers  that  you  write  will  probably  be  rejected  by  scientific 
journals,  which  have  a  censorship  system  euphemistically  called  'refereeing'. 

As  in  football,  the  referees  are  not  necessarily  good  players,  but  they  do  know  the 
rules.  Having  said  that  against  the  system,  I  must  also  say  that  most  independent 
thinkers  are  wrong  and  some  are  quite  nutty.  But  some  are  right,  and  they  provide 
the  framework  for  the  orthodoxy  of  the  next  generation,  as  for  example  with 
Wagener  and  continental  drift,  once  heretical  but  now  orthodox.  After  these 
subversive  thoughts,  it  is  only  fair  to  end  by  undermining  myself  with  the  warning, 
'Don't  believe  all  that  your  Lecturers  tell  you'. 
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whereas  it  is  only  a  minor  constituent  up  to  400  km  in  the  real  atmosphere. 

It  may  seem  surprising  that  after  all  these  errors  Chapman  and  Milne  emerge 
with  reasonable  values  for  air  density  and  its  variation  with  height  for  heights 
between  200  and  800  km,  as  Fig  17  shows.  Their  luck  came  in  because  they  arrived 
at  nearly  correct  values  for  the  scale  height  through  making  two  errors,  each  by 
a  factor  of  over  4,  which  happened  to  cancel  out.  At  a  height  of  300  km  they 
have  an  atmosphere  with  a  molecular  weight  of  4.0  (almost  entirely  helium)  and  a 
temperature  of  219  K.  Thus  they  have  T/M  »  55,  and  a  scale  height  h  =  RT/Mg  =  51  km. 
At  300  km  height  in  the  U.S.  Standard  Atmosphere  1976  the  molecular  weight  is  17.7 
and  the  temperature  976  K,  which  also  gives  T/M  =  55  and  h  =  51  km.  Their  good 
luck  is  perhaps  even  more  improbable  than  Jeans’s  bad  luck. 

Milne  returned  to  the  subject  in  1923  in  his  paper  on  the  escape  of  molecules 
2 

from  an  atmosphere.  Though  he  again  used  the  low  temperature  of  219  K,  the 
heights  he  calculated  for  the  level  where  molecules  can  escape  -  the  base  of  the 
exosphere  as  we  should  now  call  it  -  are  reasonably  realistic:  630  km  for  helium 
and  1400  km  for  hydrogen.  The  latter  is  too  high,  but  chiefly  because  he  takes 
Jeans's  high  value  for  the  hydrogen  concentration. 

7,  RETROSPECT 

That  completes  my  set  of  snapshots  of  past  ideas  of  the  atmosphere.  It  is 

up  to  you  to  conclude  what  you  will  from  what  I  have  said:  I  can  only  give  my 

own  views.  I  think  the  history  of  science  sharpens  our  perceptions,  of  the  present 

in  a  revealing  way,  by  making  us  see  that  presently-fashionable  views  about 

matters  on  the  frontiers  of  knowledge  in  a  particular  subject  may  be  partly  or 

completely  wrong  -  even  when  they  have  the  highest  authority,  as  with  the  results 

of  Jeans,  Chapman  and  Milne  which  I  have  mentioned.  We  also  have  to  face  the  hard 

fact  that  old  ideas  may  sometimes  prove  to  have  more  of  truth  than  more  modern  ones. 
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When  I  was  an  undergraduate,  it  was  widely  believed  that  captured  interstellar 
gas'  was  falling  into  the  Sun  at  high  speed  -  a  concept  now  completely  reversed  in 
the  outflowing  solar  wind.  Also  it  should  be  remembered  that  'the  general  reader' 
is  not  much  interested  in  well-established  science,  so  that  writers  of  popular- 
science  books  need  a  continual  flow  of  imaginative  new  concepts,  particularly  in 
astronomy,  to  provide  material  for  their  new  books.  Many  imaginative  astronomers 
gladly  create  these  concepts,  which  are  then  popularized  by  the  popular izers  and 
earn  credit  for  the  creators.  The  history  of  science  is  like  an  X-ray  that  cuts 
through  meretricious  trappings  and  lets  us  see  the  bare  bones  of  the  modern  ideas, 
which  may  look  much  less  impressive  if  perceived  as  500-year-old  bones  re-dressed. 

The  history  of  science  teaches  us  to  be  humble,  and  also  to  be  very  sceptical 
of  theories  currently  in  fashion  on  subjects  that  are  still  in  a  state  of  flux. 

I  would  not  wish  to  be  accused  of  undermining  all  science:  there  are  many  areas 
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rapidly  vanish.  It  was  not  long  before  Jeans's  assumptions  about  hydrogen  were 
challenged,  and  unfortunately  this  led  to  the  wrong  idea  that  there  was  no  hydrogen 
at  all  in  the  upper  atmosphere.  What  was  wanted  -  but  was  not  forthcoming  -  was 
a  compromise  between  the  extremes  of  zero  and  Jeans. 

My  last  example  is  the  important  paper^  by  Sydney  Chapman  and  E.  A.  Milne 
about  "The  atmosphere  at  great  heights',  published  in  the  Quarterly  Journal  of 
the  Royal  Meteorological  Society  in  1920.  The  theory  in  this  paper  is  excellent, 
and  in  applying  the  theory  to  the  real  atmosphere  Chapman  and  Milne  insured  them¬ 
selves  against  error  by  giving  results  for  four  possible  values. of  the  height 
above  which  there  is  diffusive  equilibrium  -  and  below  which  there  is  mixing  and 
constant  composition.  The  four  possible  values  give  densities  at  200  km  and  above 
which  differ  by  a  factor  of  up  to  100,  so  it  is  possible  to  choose  the  best  of  the 
values.  Since  this  is  the  Milne  lecture,  I  will  be  indulgent  and  do  just  that, 
choosing  the  value  30  km  (although  the  actual  height  where  diffusive  equilibrium 
begins  is  near  100  km).  The  Chapman-Milne  curve  of  density  versus  height  then 
goes  right  through  the  middle  of  the  modern  diagram,  as  shown  in  Fig  17,  which  is 
merely  Fig  3  with  an  additional  line.  The  sight  of  this  may  well  provoke  applause 
for  Chapman  and  Milne  from  all  sides. 

But  their  correct  result,  far  from  being  a  stroke  of  genius,  was  only  luck, 
because  they  made  four  serious  errors. 

First,  they  assumed  there  was  no  hydrogen  at  all.  Their  comments  are: 

Hydrogen  is  hot  indicated  by  the  auroral  spectrum,  though  this 
alone  does  not  prove  its  absence....  The  case  when  hydrogen  is 
present  has  been  sufficiently  discussed  by  Jeans,  and  accordingly 
for  the  purposes  of  the  greater  part  of  this  paper  the  absence  of 
hydrogen  will  be  assumed. 

The  absence  of  hydrogen  explains  the  low  density  at  heights  near  1000  km  in  their 
model,  but  it  is  only  a  minor  constituent  below  500  km,  so  at  lower  altitudes 
their  assumption  of  zero  hydrogen  was  much  better  than  Jeans's  assumption  of 
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about  10  times  too  much  hydrogen. 

Their  second  error  was  the  wrong  choice  for  the  height  where  diffusive 
equilibrium  begins.  Despite  their  'insurance  policy'  of  giving  results  for  four 
different  possible  heights  (12,  20,  30  and  50  km),  all  four  were  much  lower  than 
the  100  km  which  would  now  be  recommended. 

Their  third  error  was  to  follow  Jeans  in  assuming  a  constant  temperature  of 
219  K,  when  we  now  know  that  the  temperature  ranges  between  600  K  and  1500  K  in 
the  thermosphere,  with  an  average  of  about  900  K. 

Their  fourth  error  was  to  take  the  concentration  of  helium  in  the  stratosphere 

4 

too  high  by  a  factor  of  about  10  .  As  a  result  of  this  error,  helium,  with  molecu¬ 
lar  weight  4,  becomes  dominant  in  their  atmosphere  at  heights  of  above  150  km. 
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sphere  at  a  height  of  170  km  -  near  the  height  where  Halley  was  correct  -  has 
errors  so  huge  as  almost  to  defy  belief,  as  Table  1  shows.  Certainly  Jeans  was 
extremely  unlucky:  even  if  he  had  picked  four  numbers  at  random  he  would  probably 
have  done  better. 

Table  1  Number  densities  (per  cubic  centimetre)  at  170  km  height,  from 
Jeans's  Dynamical  Theory  of  Gases  and  the  U.S.  Standard 
Atmosphere.  1976 


Component : 

Nitrogen 

Oxygen 

Helium 

Hydrogen 

Jeans's  value 

350 

3 

1300000 

182000000 

U.S.  Standard 

Atmos: 

10700 

9800 

17 

^  0.2 

Approx,  error 

factor: 

30 

3000 

80000 

10^ 

Why  was  he  so  much  in  error?  The  first  reason  is  his  assumption  about  upper- 
atmosphere  temperature.  He  says: 

We  shall  obtain  a  fair  approximation  to  average  conditions  by 
assuming  that  the  temperature  (at]  a  height  of  10^  km  ...  is 
-54°C  (219°  absolute),  and  that  beyond  this  the  atmosphere  is 
in  isothermal  equilibrium. 

So  he  assumed  that  the  temperature  was  constant  at  219  K,  which  is  not  nearly  so 
good  as  Halley's  tacit  assumption  that  the  temperature  was  the  same  as  at  sea 
level.  Because  of  the  low  temperature,  Jeans  had  much  too  small  a  scale  height, 
and  this  explains  why  his  value  for  the  nitrogen  concentration  is  too  low  by  a 
factor  of  30.  The  same  error  arises  with  oxygen,  but  the  discrepancy  is  much 
greater  because  Jeans  naturally  assumed  that  the  oxygen  was  diatomic,  whereas  in 
reality  it  is  largely  monatomic  by  170  km  height,  although  he  could  not  have  known 
this.  Jeans's  very  high  values  for  the  concentrations  of  helium  and  hydrogen 
arise  purely  from  taking  much  too  large  a  sea-level  value  for  both.  In  Jeans's 
atmosphere,  hydrogen  is  dominant  at  heights  above  70  km,  which, like  Erasmus 
Darwin's  60  km,  is  far  too  low.  (However,  it  should  be  remembered  that  the  concen¬ 
tration  of  hydrogen  at  170  km  height  is  not  securely  established  and  is  subject  to 

4 

many  variations:  see  Chapter  16  of  the  book  by  Banks  and  Kockarts.  ) 

Jeans,  although  unlucky  in  applying  his  ideas  to  the  real  atmosphere,  was 

one  of  the  greatest  applied  mathematicians  of  his  day,  and  he  pioneered  the  theory 

of  the  escape  of  planetary  atmospheres.  He  appreciated  that  at  great  heights 

the  mean  free  path  of  the  molecules  becomes  great  enough  for  some  of  them  to  go 

into  orbit  or  escape.  And  he  developed  a  self-consistent  theory  for  the  escape 

rates  of  various  species.  He  concluded  that  the  escape  rate  even  of  hydrogen  would 

24 

be  very  low:  at  his  assumed  temperature  of  219  K,  hydrogen  would  take  10  years 

to  escape.  But  he  does  comment  that  if  the  temperature  were  550  K,  the  escape  rate 
18 

would  be  10  times  faster;  so  with  a  temperature  of  1000  K  all  the  hydrogen  would 
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Halley's,  gives  this  as  a  height  of  60  km.  Above  that,  he  says. 

The  common  air  ends,  and  is  surrounded  by  an  atmosphere  of 

inflammable  gas  [hydroger^  tenfold  rarer  than  itself.  In 

this  region  I  believe  fireballs  sometimes  to  pass,  and  at 

46 

other  times  the  northern  lights  to  exist. 

He  was  correct  in  thinking  that  fireballs  appeared  in  this  region,  and  he  quotes 
the  height  of  the  great  fireball  meteor  of  August  1783,  which  he  himself  observed, 
as  'between  60  and  70  miles'  which  is  nearly  right,  and  its  speed  as  'about  20 
miles  in  a  second'.  But  he  wrongly  thought  that  the  smaller  shooting  stars  were 
lower.  He  also  placed  the  aurora  in  the  correct  region,  as  established  some  years 
later  in  measurements  by  Dalton.^ 

An  interest'.ng  feature  of  Darwin's  picture  is  his  belief  that  the  outermost 

atmosphere  is  formed  of  hydrogen,  the  lightest  gas.  He  reached  this  conclusion 

from  the  simple  idea  that  the  lighter  gases  will  rise  to  greater  heights,  although 

his  height  for  the  base  of  the  'hydrogen  exosphere'  is  far  too  low  -  it  should  be 

at  least  600  km.  He  also  thought  the  presence  of  hydrogen  was  confirmed  by  the  red 

colouring  often  seen  in  the  auroras.  'It  was  observed  by  Dr  Priestley' ,  he  says, 
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that  the  electric  shock  taken  through  inflammable  air  was  red.'  This  was  good 

thinking,  but  actually  hydrogen  only  gives  a  very  small  proportion  of  the  red 

colour  in  the  aurora,  because  most  auroral  displays  are  at  heights  near  100  km, 

where  there  are  only  traces  of  hydrogen. 

Darwin's  picture  was  in  many  ways  better  than  anything  for  100  years.  For 

example,  later  ideas  about  hydrogen  were  very  confused  and  contradictory,  as  we  shall 

see  shortly.  As  another  example,  90  years  later,  in  the  first  International  Polar 

Year  of  1882,  the  stations  for  observing  the  aurora  were  set  up  too  close  together, 

47 

because  it  was  assumed  that  the  aurora  was  about  8  km  high.  As  the  actual  heights 
are  more  than  80  km,  these  stations  were  wrongly  situated  for  triangulation  and  the 
measurements  were  much  less  accurate  than  they  would  have  been  if  Darwin's  (or 
Dalton's)  heights  had  been  adopted. 

6.  JEANS,  CHAPMAII  AND  MILNE 

I  shall  now  exercise  my  right  to  skip,  by  skipping  right  over  the  19th  century 

and  coming  down  early  in  the  20th  for  my  last  snapshots  of  atmospheric  ideas. 
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I  begin  with  The  Dynamical  Theory  of  Gases  by  Sir  James  Jeans,  first 
published  in  1904,  wita  a  second  edition  in  1916,  and  my  quotations  are  from  the 
fourth  edition  (1925).  It  is  a  classic  text,  and  he  shows  quite  clearly  how  in  an 
isothermal  atmosphere  'the  heavier  gases  tend  to  sink... while  the  lighter  ones  rise 
to  the  top',  because  cheir  decrease  of  density  with  height  is  slower.  His  theory 
is  excellent  and,  regarded  as  a  text-book,  his  work  is  superb.  But  when  he  ventures 
into  the  real  world,  le  does  not  do  so  well.  His  table  of  densities  in  the  atmos- 


Darts  from  the  north  on  pale  electric  streams, 
Fringing  Night's  sable  robe  with  transient  beams. 


5.  ERASMUS  DARWIN 

That  brings  me  to  the  subject  of  my  next  dip  into  ideas  about  the  atmosphere, 
Erasmus  Darwin (1731-180^.  In  his  classic  paper  published  in  1788,  Fig  15, 

Darwin  establishes  the  principle  of  adiabatic  expansion  and  explains  the  main  mode 
of  formation  of  clouds.  First  he  shows  by  numerous  experiments  -  with  airguns, 
with  the  high-pressure  air  in  the  waterworks  at  Derby,  and  various  other  exotic 
examples  -  how  air  cools  when  allowed  to  expand  from  higher  pressure  to  lower,  as 
for  example  in  air  being  let  out  of  a  car  tyre.  He  then  applies  this  principle  to 
explain  what  he  calls  the  ' devaporation*  of  aerial  moisture'. 

When  large  districts  of  air  from  the  lower  parts  of  the  atmosphere 
are  raised  two  or  three  miles  high,  they  become  so  much  expanded  by 
the  great  diminution  of  the  pressure  over  them, 

Darwin  says,  that  the  air 

robs  the  vapour  which  it  contains  of  its  heat,  whence  that  vapour 

becomes  condensed  and  is  precipitated  in  showers. 

(Darwin's  use  of  the  verb  precipitated  in  this  sense  is  75  years  earlier  than  the 

first  example  given  in  the  Oxford  English  Dictionary . )  This  insight  on  cloud 

formation  is  quite  fundamental,  of  course,  and  Dalton  built  on  it  a  few  years 

42 

later  with  his  law  of  partial  pressures  and  other  ideas.  Darwin  made  several 

further  contributions  to  meteorology,  such  as  recognizing  the  existence  and 

43 

importance  of  what  we  now  call  cold  and  warm  fronts. 

Darwin  also  provided  a  picture  of  the  complete  atmosphere.  That  can  be  found 

in  the  notes  to  his  poem  The  Botanic  Garden  (1791),  which  is  a  review  of  scientific 

knowledge  in  the  Earth  sciences,  as  well  as  a  poem  which  gave  him  the  highest 

44 

reputation  in  the  literary  world  at  the  time.  His  description  of  the  atmosphere, 
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which  I  have  converted  into  a  diagram.  Fig  16,  takes  ideas  from  many  predecessors 
and  adds  several  of  his  own.  The  result  is  quite  a  realistic  three-layer  model. 
Darwin's  first  stratum,  with  clouds  and  lightning,  corresponds  closely  with  what 
we  call  the  troposphere,  though  Darwin's  height  of  6  km  (actually  he  gives  4 
miles)  is  much  lower  than  the  modern  figure  of  about  10  km.  However,  his  second 
and  cloudless  region  does  correspond  closely  to  our  stratosphere  and  lower  meso¬ 
sphere.  This  region  ends,  he  says,  'where  the  air  is  3000  times  rarer  than  at 
the  surface  of  the  Earth'  and  his  estimate  of  density,  which  closely  follows 

’’‘Devaporation  is  a  word  coined  by  Darwin,  meaning  'condense  into  droplets'  -  the 

opposite  of  evaporation.  It  would  be  preferable  to  our  ambigi'ous  modern  word 

41 

condense,  as  Knowles  Middleton  has  remarked. 
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pressure,  winds  and  rainfall,  using  newly-designed  instruments.  Many  such 

weather  records  began  to  be  kept  -  enough  to  allow  a  detailed  picture  of  the 
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weather  in  central  England  from  1659  to  the  present  day. 

It  was  Edmond  Halley  (1656-1 742;  who  applied  Boyle's  Law  to  the  atmosphere 

and  determined  the  variation  of  air  pressure  with  height,  in  a  remarkable  paper  in 

the  Philosophical  Transactions  of  the  Royal  Society  in  1686,  entitled  'A  Discourse 

of  the  Rule  of  the  Decrease  of  the  Height  of  the  Mercury  in  the  Barometer,  according 
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as  Places  are  elevated  above  the  Surface  of  the  Earth'.  Although  Halley  conducts 
his  analysis  with  verbal  argument,  iiis  procedure  is  equivalent  to  using  equation 
(1)  with  T  constant,  in  conjunction  with  the  hydrostatic  equation  (2).  He  then 
deduces  that  the  decrease  of  pressure  with  height  is  exponential,  as  in  equation 
(4).  The  table  he  gives,  Fig  13,  goes  up  to  53  miles  height,  and  when  you  compare 
his  values  with  those  in  recent  models,  such  as  the  U.S.  Standard  Atmosphere, 

1976,  you  find  that  he  did  very  well  indeed,  as  shown  in  Fig  14,  Although  un¬ 
aware  of  it,  Halley  was  assuming  that  the  temperature  remains  constant  as  the 
height  increases.  This  assumption, though  incorrect,  is  not  too  far  from  the  truth 
up  to  about  120  km  height,  because  the  average  temperature  in  that  region  is  only 
about  10%  less  than  the  sea-level  temperature,  as  Fig  1  shows.  At  heights  above 
120  km  the  temperature  increases  greatly;  consequently  the  pressure  in  the  real 
atmosphere  comes  nearer  to  Halley's  model  at  heights  above  120  km,  and  eventually 
the  two  curves  cross  over.  If  the  standard  thermospheric  temperature  is  taken 
as  1000  K,  it  turns  out  that  Halley's  model  gives  the  correct  pressure  at  a  height 
of  160  km,  where  the  pressure  is  3  nanobars. 

That  takes  us  up  to  and  above  the  heights  of  most  auroral  displays,  and  on 

this  subject  too  Halley  made  a  crucial  contribution.  He  watched  the  great  aurora 
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of  1716  for  several  hours  and  wrote  a  long  paper  about  it.  In  this  paper  he  not 
only  gives  a  vivid  description;  he  also  deduces  that  the  aurora  is  under  the  con¬ 
trol  of  the  Earth's  magnetic  field  and  he  suggests  measuring  its  height  by 
triangulation,  Halley  also  hinted  that  the  actual  'luminous  effluvia'  of  the 
aurora  might  be  electrical  in  nature,  and  this  idea  became  accepted  during  the 
18th  century.  The  'electricians'  of  the  18th  century  were  quite  adept  at  producing 

glowing  lights  in  what  we  would  now  call  vacuum  tubes,  and  the  analogy  with  the 
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aurora  was  recognized  and  accepted.  In  his  treatise  on  the  aurora  published  in 
Paris  in  1733,  De  Mairan  went  even  further  towards  the  modern  view  by  suggesting 
that  the  aurora  was  an  extension  of  the  Sun's  atmosphere.  He  also  advocated 
measuring  its  height  by  triangulation,  and  a  number  of  such  height  measurements  by 
Bergman  in  the  1760s  gave  heights  between  380  and  1300  km.^ 

So,  by  1790  the  aurora  was  generally  believed  to  be  a  glowing  electrical 
discharge  in  the  high  atmosphere.  As  Erasmus  Darwin  put  it  in  his  poem  The 
Botanic  Garden,  the  aurora 


12 


The  atmosphere  continued  to  be  regarded  as  'the  triple  region  of  the  air' 

throughout  the  sixteenth  century,  a  view  that  is  often  reflected  in  the  imagery  of 

the  Elizabethan  poets.  Marlowe's  Tamburlaine  the  Great  is  a  good  source,  because 

Tamburlaine  himself  is  for  ever  boasting  about  his  prowess,  and  challenging  the 

powers  of  the  air,  as  when  he  treads  on  the  defeated  emperor  Bajazeth: 

Now  clear  the  triple  region  of  the  air. 

And  let  the  majesty  of  heaven  behold 

Their  Scourge  and  Terror  tread  on  Emperors. 

And  he  seeks  to  rival  even  the  most  violent  natural  phenomena - 

As  when  a  fiery  exhalation 

Wrapt  in  the  bowels  of  a  freezing  cloud. 

Fighting  for  passage,  makes  the  Welkin  crack. 

And  casts  a  flash  of  lightning  to  the  earth  . . . 

So  shall  our  swords,  our  lances  and  our  shot, 
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Fill  all  the  air  with  fiery  meteors. 

It  is  also  worth  remembering  that  earthquakes  were  regarded  as  largely 

meteorological,  caused  not  by  Earth  movement  but  by  air  trying  to  escape  from 

inside  the  Earth.  A  good  example  is  provided  by  Shakespeare's  lines: 

As  when  the  wind,  imprison'd  in  the  ground. 

Struggling  for  passage,  earth's  foundation  shakes, 
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Which  with  cold  terror  doth  men's  minds  confound. 

The  imagery  of  the  Elizabethan  poets  can  fairly  be  called  pre-scientific, 
although  not  necessarily  wrong,  of  course.  The  enduring  reality  of  their  faith  in 
Aristotle  is  nicely  summarized  by  a  slightly  later  poet,  Cowley: 

Welcome,  great  Stagirite.  and  teach  me  now 
All  I  was  born  to  know. 

This  verse  serves  as  a  fitting  finale  to  the  Aristotelian  epoch,  for  it  was 
published  in  1656,  just  as  new  ideas  were  sweeping  over  the  dreaming  spires  of  the 
Aristotelian  stronghold,  where  today  the  poet’s  name,  converted  into  a  symbol  of 
technology,  is  better  known  than  the  Stagirite 's. 


4.  THE  INVISIBLE  COLLEGE,  THE  ROYAL  SOCIETY  AND  HALLEY 

The  new  scientific  attitude  to  nature  typified  by  the  'Invisible  College' 
at  Oxford  in  the  1650s  and  then  by  the  Royal  Society  in  the  1660s,  bore  its  earliest 
fruits  in  the  field  of  atmospheric  physics.  Robert  Boyle  came  to  Oxford  in  1654, 
and  recruited  Robert  Hooke  to  help  him  in  1655.  The  experiments  made  in  the  late 
1650s  in  the  house  on  the  High  Street  -  a  site  now  occupied  by  the  memorial  to  the 
aerial  poet  Shelley  -  led  to  the  formulation  of  what  is  today  known  as  Boyle's  Law, 
which  is  a  restricted  version  of  equation  (1),  with  T  and  M  constant. 

This  was  one  decisive  step  towards  a  better  understanding  of  the  atmosphere. 
Another  step,  equally  important,  was  the  new  emphasis  on  measurement,  of  temperature, 
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4  Increase  in  air  density  at  180  km  height  at  the  time  of 
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efe  Rules  I  derived  the  following  Tables 


Halley's  tables  of  the  decrease  of  atmospheric  pressure 
with  height  (1686),  with  a  misprint  corrected 
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Fig  14  The  decrease  of  atmospheric  pressure  with  height,  as  given  by 
Halley  (1686)  and  by  a  modern  standard 


Aurora 


specified  in  The  Botanic  Garden  (1791) 


Fig  17  Variation  of  air  density  with  height  as  given  by  Fig  3  and  by 
Chapman  and  Milne  (1920)  in  their  'H,  =  30  km'  model 


Mosaic  photograph  from  5  satellite  passes:  the  straight 
lines  mark  the  dividing  lines  between  passes.  Reproduced 
by  permission  of  the  US  National  Geophysical  and  Solar- 
Terrestrial  Data  Center. 


Fig  18  Aurora  and  city  lights,  US  and  Canada, 
near  midnight  14  February  1972 
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